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INTRODUCTION 

L i q u e f a c t i o n  and h e t e r o a t o m  removal a re  of  impor tance  i n  
a d a p t i n g  c o a l  i n t o  f u e l s  and chemica l  f e e d s t o c k s  which now depend on 
pe t ro leum.  S o l u b l e  r e a g e n t s  and c a t a l y s t s  a r e  needed t o  d e a l  with 
coal s o l i d s .  I r o n  p e n t a c a r b o n y l  h a s  been found t o  b e  a n  economica l ly  
v i a b l e  r e a g e n t  and/or  c a t a l y s t  f o r  up-grading c o a l ;  s t u d i e s  of i ts 
u s e  i n  d e s u l f u r i z a t i o n  and h y d r o g e n a t i o n  have been r e p o r t e d  (1). In  
fundamenta l  s t u d i e s  a t  UCLA o u r  o b j e c t i v e  i s  t o  e l u c i d a t e  t h e  
r e a c t i v i t y  of  i r o n  c a r b o n y l  under  water g a s  s h i f t  (WGS) c o n d i t i o n s  
towards  o r g a n i c  s u b s t r a t e s  t h a t  model c o a l  s t r u c t u r e .  O u r  work i s  
p a r a l l e l e d  by s imilar  s t u d i e s  u s i n g  a v a r i e t y  of  o t h e r  metal  
c a r b o n y l s ,  ( 2 )  and is preceded  by s t u d i e s  o f  Wender and Orchin  and 
t h e i r  co-workers  u s i n g  c o b a l t  c a r b o n y l  ( 3 , 4 ) .  

EXPERIMENTAL 

Glass r e a c t i o n  v e s s e l s ,  f i t t e d  t o  a 0.3 L copper  l i i r e d  a u t o c l a v e  
or a 0 . 1  L s t a i n l e s s  s t e e l  a u t o c l a v e  were used  f o r  a l l  s t u d i e s .  
R e a c t i o n s  were a n a l y z e d  by e x t r a c t i n g  t h e  g l a s s  l i n e r  c o n t e n t s  with 
C C 1  , d r y i n g  w i t h  MgS04 and removing s o l v e n 5  on a r f f a r y  e v a p o r a t o r .  
C h a f a c t e r i z a t i o n  was perfomed by I R ,  GC, H and C NMR and mass 
s p e c t r a l  methods. Gas sarppl ing above t h e  r e a c t i o n  m i x t u r e  shows both 
H and CO (by g a s  chromatography)  i n d i c a t i n g  t h a t  t h e  water gas  
sifift r e a d i o n  had t a k e n  p l a c e .  C o n t r o l  e x p e r i m e n t s  i n  which no i r o n  
complex was p r e s e n t  were per formed f o r  a l l  r e p o r t e d  r e a c t i o n s .  
A c r i d i n e  i s  t h e  o n l y  compound t h a t  i s  s i g n i f i c a n t l y  hydrogenated 
under t h e  c o n t r o l  c o n d i t i o n s ;  t h e  o t h e r  substrates  a r e  u n a f f e c t e d  
u n l e s s  i r o n  c a r b o n y l  is a l s o  p r e s e n t .  

RESULTS AND DISCUSSION 

R e a c t i o n s  i n  methanol ,  water and baBe under  carbon monoxide 
p r e s s u r e  were i n i t i a l l y  per formed a t  150 C t o  o p t i m i z e  t h e  i r o n  
c a r b o n y l  c a t a l y z e d  water g a s  s h i f t  r e a c t i o n  (5,6) see T a b l e  I. 
N i t r o g e n  h e t e r o c y c l e s  a re  r e a d i l y  hydrogenated  under  t h e s e  
c o n d i t i o n s .  Q u i n o l i n e ,  1, is 100% hydrogenated  i n  t h e  n i t r o g e n -  
c o n t a i n i n g  r i n g .  I s o q u i n o l i n e ,  3 ,  is b o t h  hydrogenated  and N- 
f o r m y l a t e d  t o  4 (71,  s i m i l a r l y  i n  100% y i e l d .  Hydrogenat ion  of only  
one of t h e  t w o  n i t r o g e n  c o n t a i n i n g  r i n g s  of  t h e  p h e n a n t h r o l i n e s ,  i s  
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Table I. 

Substrate 

Quinoline 

1 - 

Isoquinoline 

3 - 

Acridine 

5 - 

Reductions with Iron Carbonyl Catalyzed Water Gas 

Shift System 

Product Yieldatb 

q ?  100% 

6 100% - 

4.7-phenanthroline wy 
7 ,H 

1,lO-phenanthroline 

9 

anthracene 

It  

10 -- 

15% 

50% 

-- 12 25% 

aReaCtiOn conditions are as follows: 15OoC, 42 kgcm-2, 

15 h in CH30H ( 7 5  ml) H20 (25 ml) KOH (4.8 g), 

substrate (5.0 mol) and Fe(CCI5 (2.5 m~ol). 

bunder the a6ove conditions but without Fe(CO)5, no 

reactions are observed. 
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observed .  The y i e l d - o f  1 0  i s  s i g n i f i c a n t l y  reduced  s i n c e  it forms 
i r o n  complexes as i n d i c a t f d  by a b r i g h t l y  c o l o r e d  aqueous phase 
p a r t i a l l y  c h a r a c t e r i z e d  by H NMR of acetone-d.6 e x t r a c t s .  Anthracene 
is r e l a t i v e l y  u n r e a c t i v e  under  t h e s e  c o n d i t i o n s .  W e  have however 
found ways i n  which i t s  h y d r o g e n a t i o n  may b e  s i g n i f i c a n t l y  incrgased ,  
see below. Compounds which we found t o  be u n a f f e c t e d  a t  150 C a r e  
n a p h t h a l e n e ,  p h e n a n t h r e n e ,  d i b e n z y l ,  a n i s o l e ,  d i p h e n y l  e t h e r  and 
d i b e n z t h i o p h e n e .  

I n  l i g h t  of t h e  100% y i e l d s  o b s e r v e d  i n  t h e  c o n v e r s i o n s  of 1, 3 
and 5 t h e s e  r e a c t i o n s  were performed u s i n g  c a t a l y t i c  amaunts of i r o n  
c a r b o n y l ;  t h e  r e su l t s  a re  l i s t e d  i n  T a b l e  11. A t  1 5 0  C ,  22 and 24 
molar e q u i v a l e n t s  e a c h  of  3 and 5 ,  r e s p e c t i v e l y ,  a re  hydrogenated.  
A t  s l i g h t l y  h i g h e r  t e m p e r a t u r e s ,  Fe (CO) c a t a l y z e s  t h e  hydrogenat ion 
o f  1 w i t h  an a c t i v i t y  of 4 3  t u r n o v e r s .  

TABLE I 1  
REDUCTIONS OF NITROGEN CONTAINING HETEROCYCLES 

USING CATALYTIC ~ O U N T S  OF FE(CO)5 

SUBSTRATE  RATIO^ T/OC - -  

mN 55 : 1 150 

?? 

PRODUCT AND T N ~  

A 
n 

ap 250 : 1 180 

AjRATIO OF SUBSTRATE TO FE(CO)~ 
B) MOL OF PROD./ MOL OF FE(CO)5 
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R e a c t i o n s  were n e x t  u n d e r t a k e n  a t  300 OC t o  p a r a l l e l  c o a l  
l i q u e f a c t i o n s  which are  o b s e r v e d  i n  h i g h e r  y i e l d  a t  t h e  h i g h e r  
t e m p e r a t u r e  ( 8 ) .  Using c a t a l y t i c  amounts o f  Fe(C0I5 ,  i s o q u i n o l i n e  is 
a g a i n  N-formylated and hydrogenated  w i t h  a t o t a l  of  35 t u r n o v e r s  
(Table  11). Dibenzoth iophene ,  on t h e  o t h e r  hand, remains  u n r e a c t i v e .  
Other  s t u d i e s  a t  300 OC a re  summarized i n  T a b l e  111. The f i r s t  e n t r y  
shows t h a t  a n t h r a c e n e ,  t h e n  t r e a t e d  by i t s e l f  i s  less c o n v e r t e d  (19%) 
t h a n  it was a t  150 c .  I t  o c c u r r e d  t o  us t h a t  some of  t h e  
c o n s t i t u e n t s  i n  c o a l ,  i t s e l f ,  might a f f e c t  t h e  c a t a l y t i c  p r o p e r t i e s  
Of Fe(C0I5. W e  t h e r e f o r e  c a r r i e d  o u t  e x p e r i m e n t s  i n  which t h e  
r e d u c t i o n  of a n t h r a c e n e  was i n v e s t i g a t e d  i n  t h e  p r e s e n c e  of t h e  
s u b s t a n c e s  l i s t e d  i n  t h e  n e x t  f o u r  e n t r i e s  i n  T a b l e  111. PLj=Lh Lkusse 
Q areater dearee Q€ conversion pf anLtuacp n e  h 12 is b b d .  The 

TABLE I 1 1  
NITROGEN HETEROCYCLES ENHANCING THE HYDROGENATION OF ANTHRACENE 

TO ~,~O-DIHYDROANTHRACENE, L ,  AT 30OoC. A 

HETEROCYCLE 

IlONE 

YIELD  OF^/ MOL FE(CO)~ 

19% 

259 

372 

62% 

2961 

A) 

B) 

REACTION CONDITIONS AT 3OO0C : CO, 70 K G C M - ~  , 1 H IN H20 (2.5 ML), KOH ( 2 . 8 ~ ) .  
SUBSTRATE (3.0 MMOL), HETEROCYCLE (3.0 MMOL) AND F ~ ( c O l ~ ( 3 . 0  MMOL), 

OTHER CONSTITUENTS, FE(C015 (1.5 MMOL); TERPYRIDINE (1.5 MMOL); ANTHRACENE (15 MMOL), 

co, H20 AND KOIi AS ABOVE BUT WITH PHASE TRANSFER CATALYST ADDED: F'IE~NCL (1,5 M M O L ) ~  
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n i t r o g e n  h e t e r o c y c l e s  a re  t h u s  b e n e f i c i a l  t o  r e d u c t i o n s  c a t a l y z e d  by 
i r o n  p e n t a c a r b o n y l  w h i l e  q u i n o l i n e  and p h e n a t h r o l i n e  are  themselves  
under going  c o n v e r s i o n  t o  p a r t i a l l y  hydrogenated  (and/or  N-f ormylated)  
products .  Notably ,  t h e  n i t r o g e n  h e t e r o c y c l e s  p h e n a t h r o l i n e ,  
d i p y r i d y l  and t e r p y r i d y l  which may p a r t i c i p a t e  a s  c h e l a t i n g  l i g a n d s  
on i r o n  were more e f f e c t i v e  f o r  h y d r o g e n a t i o n  of  a n t h r a c e n e  than 
q u i n o l i n e .  

The e f f e c t  on t h e  r e d u c t i o n  o f  a n t h r a c e n e  of  a phase t r a n s f e r  
c a t a l y s t  added e i t h e r  by i t s e l f  or t o g e t h e r  w i t h  d i p y r i d y l  is 
summarized i n  T a b l e  IV. I n  such  a d d i t i o n s ,  d r a m a t i c  i n c r e a s e s  a r e  
observed  i n  t h e  r e d u c t i o n .  Such r e s u l t s  a t  3OO0C c o n t r a s t  t h e  work 
of  Alper and co-workers who a t  room t e m p e r a t u r e  o b s e r v e d  no b e n e f i t  
of a phase  t r a n s f e r  a g e n t  i n  t h e  r e d u c t i o n  o f  a r o m a t i c  n i t r o  
compounds by Fe(C0) (or Fe (CO)  1 (9). The p r e s e n c e  of 
te t rabutylammonium i 2 d i d e  in&-ease% t h e  y i e l d  o f  9 ,lo- 
d i h y d r o a n t h r a c e n e  4 4  times. Combining Bu N I  and d i p y r i d y l  with 
Fe(C0) , g i v e s  t h e  g r e a t e s t  r e d u c t i o n  of anth$acene,  17.1 t u r n o v e r s .  

Tge  r o l e  of  t h e  p h a s e  t r a n s f e r  c a t a l y s t s  is most l i k e l y  t o  
i n c r e a s e  t h e  base  c o n c e n t r a t i o n  i n  t h e  v i c i n i t y  of  t h e  i r o n  c a t a l y s t  
and f u r t h e r ,  t o  s o l u b i l i z e  t h e  a n i o n i c  i r o n  i n t e r m e d i a t e s  i n  t h e  
o r g a n i c  p h a s e .  The l a s t  e n t r y  i n  T a b l e  I V  r e p r e s e n t s  an experiment  
where t h e  te t raa lkylammonium phase  t r a n s f e r  c a t a l y s t  and t h e  base a r e  
combined i n  t h e  form o f  Me NOH. With t h i s  r e a g e n t  t h e  p r o d u c t  y i e l d  
i s  comparable  t o  t h a t  o r i g A a l l y  a c h i e v e d  w i t h  42 e q u i v a l e n t s  of KOH. 

TABLE I V  
.EFFECT OF PHASE TRANSFER AGENTS AND 

PHASE TRANSFER AGENTS WITH DIPYRIDYL FOR ENHANCING THE 

HYDROGENATION OF ANTHRACENE TO ~ , ~ ~ - D I H Y D R O A N T H R A C E N E ,  iA 

PHASE TRANSFER TURN- TURNOVER 
AGENT WE2 w/DlevRrDvL 

NONE 0.32 0.62 

B u ~ N  I 14.2 17.1 

M E ~ N O H ~  0.54 

A C ~ ~ ~ ~ ~ ~ ~ ~ ~  A S  BEFORE AT 300°C 

B~~~ OF ~ / M M O L  OF F E ( C O ) ~  

c~~~ EXCLUDED FROM THIS REACTION, 
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Some p r e l i m i n a r y  e x p e r i m e n t s  t o  e l u c i d a t e  t h e  p r i n c i p a l  c a t a l y s t  
s p e c i e s  i n  S o l u t i o n  and m e c h a n i s t i c  f e a t u r e s  of t h e  r e d u c t i o n s  were 
under taken .  To d e t e r m i n e  t h e  p r i n c i p l e  i r o n  c a r b o n y l  s p e c i e s  a t  
r e a c t i o n  c o n d i t i o n s ,  a l i q u o t s  were withdrawn from t h e  a u t o c l a v e  a t  
175' c. IR spectra -of t h e s e  o b t a i n e d  w i t h i n  3 min Of Sampling 

S i n c e  t h e  p r i n c i t a l  s p e c i e s  may n o t  b e  t h e  c a t a l y t i c a l l y  a c t i v e  
species Some o t h e r  p o s s i b l e  c a n d i d a t e  complexes were t e s t e d  as 
c a t a l y s t s ;  t h e s e  a r e  shown i n  T a b l e  V. A l l  p roved  i n f e r i o r  t o  
Fe(C0I even i n  t h e  p r e s e n c e  of d i p y r i d y l .  Of special s i g n i f i c a n c e  
i s  t h &  c l u s t e r  compounds, which are  known t o  c o n s t i t u t e  t h e r m a l  
d e g r a d a t i o n  p r o d u c t s  of metal c a r b o n y l s ,  were e q u a l l y  less e f f e c t i v e  
as  t h e  loaded  forms of t h e  c a t a l y s t  t h a n  i r o n  p e n t a c a r b o n y l .  

' i n d i c a t e  t h a t  HFe(C0) is the p r i n c i p a l  i r o n  c a r b o n y l  species ( 1 0 ) .  

TABLE V 
COMPARISON OF IRON(O)  COMPLEXES FOR THE 

HYDROGENATION OF ANTHRACENE TO ~ ,~~-D IHYDROANTHRACENE,  IA 

CoMPLEX 

F E K O )  j 

TURN- TURNOVER 
d W/DIPYRIDYL 

14.2 17,l 

3 . 4  

11.2 

A CONDITIONS A S  BEFORE A T  300°C 
B MOL EQUIV OF ~ / E Q U I V  OF IRON(O) 

F i n a l l y ,  we t e s t e d  d i m e t h y l a n t h r a c e n e  t o  e l u c i d a t e  whether  a 
&-concerted a d d i t i o n  o r  some o t h e r  p r o c e s s  were t a k i n g  p l a c e  i n  t h e  
hydrogenat ion  (11). Our r e s u l t s  are shown i n  r e a c t i o n  1. 
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We o b s e r v e  a 48%:52% m i x t u r e  o f  t h e  and k a u i  isomers  
s u g g e s t i n g  t h a t  e i t h e r  an e l e c t r o n  t r a n s f e r  or hydrogen atom t r a n s f e r  
is t h e  i n i t i a l  s tep  of r e d u c t i o n .  The r e d u c t i o n  p o t e n t i a l s  of a 
number o f  t h e  compounds s t u d i e d  and t h e i r  a b i l i t y  t o  be  reduced  under 
i r o n  c a r b o n y l  c a t a l y z e d  WGS c o n d i t i o n s  is shown i n  T a b l e  V I .  A 
c o r r e l a t i o n  i s  s e e n  among t h e s e  d a t a ,  (121 ,  s u p p o r t i n g  an e l e c t r o n  
t r a n s f e r  p r o c e s s  as t h e  i n i t i a l  s t e p  i n  t h e  r e d u c t i o n  of t h e  
a r o m a t i c s .  

TABLE V I  
CORRELATION OF HYDROGENATIONS UNDER F E ( C O ) ~  CATALYZED 

WGSR WITH Eq VS SCE 
SuesTRnTE Lj/v 

\ 

PYRIDINE -2 I52 NOT REDUCED 

NAPHTHALENE -2.50 " 

-2.32 I1 

-2 I11 I, 

ANTHRACENE -1,94 REDUCED IN MIDDLE RING 

QUINOLINE w 
L10-PHENANTHROLINE 1.06 @% 
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CONCLUSION 

I r o n  p e n t a c a r b o n y l  c a t a l y z e s  t h e  h y d r o g e n a t i o n  Of n i t r o g e n  
h e t e r o c y c l e s  r e g i o s e l e c t i v e l y  i n  t h e  n i t r o g e n  c o n t a i n i n g  r i n g  and 
a n t h r a c e n e  is hydrogengted i n  t h e  middle  r i n g  under  water g a s  s h i f t  
c o n d i t i o n s  above 150 c. C h e l a t i n g  n i t r o g e n  h e t e r o c y c l e s  a c t i v a t e  
t h e  Fe(C0) toward  a n t h r a c e n e  hydrogenat ion .  Phase t r a n s f e r  
c a t a l y s t s  h s o  have a pronounced enhancement e f f e c t  On all 
r e d u c t i o n s .  There i s  t h u s  h i g h  p o t e n t i a l  i n  use of  i r o n  
p e n t a c a r b o n y l  i n  h y d r o g e n a t i o n s  when a c t i v a t e d  by a p p r o p r i a t e  
s y n e r g i s t i c  a g e n t s .  P r e l i m i n a r y  s t u d i e s  s u g g e s t  t h a t  t h e s e  
r e d u c t i o n s  proceed  by an i n i t i a l  e l e c t r o n  t r a n s f e r  p r o c e s s  from 
H F e ( C 0 ) 4  . 
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